Cis-element encyclopedias provide information on phenotypic diversity and disease mechanisms. Although ciselement polymorphisms and mutations are instructive, deciphering function remains challenging. Mutation of an intronic GATA motif (+9.5) in GATA2, encoding a master regulator of hematopoiesis, underlies an immunodeficiency associated with myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML). Whereas an inversion relocalizes another GATA2 cis-element (−77) to the proto-oncogene EVI1, inducing EVI1 expression and AML, whether this reflects ectopic or physiological activity is unknown. We describe a mouse strain that decouples −77 function from proto-oncogene deregulation. The −77 −/− mice exhibited a novel phenotypic constellation including late embryonic lethality and anemia. The −77 established a vital sector of the myeloid progenitor transcriptome, conferring multipotentiality. Unlike the +9.5 −/− embryos, hematopoietic stem cell genesis was unaffected in −77 −/− embryos.
INTRODUCTION
Ascribing function to the vast ensemble of genomic cis-regulatory elements emerging from in silico and experimental analyses represents a formidable problem. Whereas strategies exist to predict enhancers (1, 2) , gauging endogenous enhancer mechanisms at specific anatomical sites in vivo poses considerable challenges. It is instructive to consider this problem with respect to how diverse inputs control the production of master regulators in developmentally dynamic contexts, which themselves drive enhancer function to establish or maintain complex genetic networks.
By controlling hematopoietic stem cell (HSC) genesis and differentiation and progenitor proliferation/survival, the transcription factor GATA-2 mediates the development of the hematopoietic system (3) (4) (5) (6) . Whether common or distinct enhancers regulate Gata2 function in diverse settings is unclear. Deletions of prospective Gata2 enhancers, termed GATA switch sites based on GATA-1 replacement of GATA-2 at these sites during erythropoiesis (7, 8) , revealed results inconsistent with enhancer predictions (9) (10) (11) (12) . Whereas certain GATA switch sites have little to no importance for regulating Gata2, the +9.5 intronic site is crucial during embryogenesis when the hemogenic endothelium of the aorta-gonad-mesonephros (AGM) produce HSCs (11, 13) . Homeostasis is exquisitely sensitive to the GATA-2 level because ectopically high and low GATA-2 affect disease onset and severity (8, (14) (15) (16) . GATA2 haploinsufficiency underlies primary immunodeficiency characterized by a panoply of phenotypes, including hematologic deficits, malignancy, lymphedema, and deafness (17) (18) (19) (20) . Patients with monocytopenia and disseminated Mycobacterium avium complex infection (MonoMAC), linked to myelodysplastic syndrome (MDS) and progression to acute myeloid leukemia (AML), exhibit heterozygous GATA2 coding region or +9.5 enhancer mutations (11, 16, 21) .
The most distal upstream GATA switch site (−77) (22) resides within a region of AML-linked chromosomal rearrangements [inv(3)(q21q26) and t(3:3)(q21q26)] (23). The 3q21:q26 inversion repositions −77 and flanking sequences to the distant proto-oncogene EVI1, up-regulating EVI1 expression (24, 25) and down-regulating GATA2 expression in bone marrow cells from affected AML patients (25) . Unresolved issues include the questions such as, does the inversion down-regulate GATA2 owing to the loss of −77 or flanking sequences? Does EVI1 up-regulation affect GATA2 expression? Does −77 control GATA2 during development? Additionally, does −77 control unique aspects of hematopoiesis not predictable from existing knowledge? We generated a −77 −/− mouse strain that revealed a severe hematopoietic progenitor defect and a phenotypic constellation distinct from other models. HSC genesis was unaffected, contrasting with Gata2 −/− (26) and +9.5 −/− (11, 13) mouse phenotypes. These studies reveal a paradigm in which a single gene can harbor multiple cis-elements, each being essential for embryonic development but differentially important for controlling stem and progenitor cell transitions. The amalgamated cis-element mechanisms ensure the seamless execution of a complex developmental process.
RESULTS

Essential leukemogenic long-range enhancer
The −77 GATA switch site resides upstream of Gata2 near Rpn1 in a region well conserved among vertebrates (Fig. 1A) (22) . Chromosome conformation capture analysis demonstrated close proximity of −77 to Gata2 in murine GATA-1-null G1E cells (22) and human bone marrow cells (25) . Whereas relocalization of −77-containing sequences to EVI1, almost 40 Mb away, up-regulates EVI1 in 3q21:q26 AML, it was unclear whether −77 is critical, modulatory, or of no consequence for GATA2 expression and hematopoiesis in a normal context. Rpn1 is not GATA factor-regulated (22) or dysregulated by the −77 alteration in AML (25) .
To test −77 physiological function, we generated a mouse strain with a targeted deletion of 257 base pairs (bp) spanning conserved GATA motifs. Although E-boxes reside near the GATA motifs, their spacing and orientation deviate from the canonical E-box-GATA motif composite element (27) . Graphs show means ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001.
was excised (Fig. 1B) . Whereas +9.5 −/− embryos exhibited severe anemia and hemorrhaging by E12.5 and died by~E14 (Fig. 1C) (11) , −77 −/− embryos exhibited little to no hemorrhaging (Fig. 1D ), though they had reduced fetal liver size (Fig. 1E ) and were anemic with drastically lower circulating blood cells (Fig. 1F) . A greater proportion of cells in −77 −/− embryo circulation were nucleated (Fig. 1G) , and the cells expressed higher levels of embryonic Hbb-y and Hbb-bh1 globin RNA versus −77 +/+ littermates (Fig. 1H) , indicating a severe definitive erythrocyte production deficit and a predominance of primitive erythroid cells. Flow cytometric analysis revealed that reduced −77 −/− fetal liver size at E13.5 was due, in large part, to Ter119 + cell loss (Fig. 1I ). CD71 +
Ter119
− erythroid precursor populations (R1 and R2) were also reduced, indicating an early erythroid differentiation blockade (Fig. 1J) . The late embryonic lethality, coupled with the definitive hematopoiesis defect described above, suggested a −77 role in hematopoietic stem/progenitor cell (HSPC) genesis and/or function.
Stem and progenitor cell transitions controlled by distinct enhancers at a genetic locus The +9.5 −/− embryos lack fetal liver HSPCs because of an HSC genesis defect in the AGM region (13) . Since the −77 resides at Gata2, we asked whether it also controls HSC genesis. We enumerated c-Kit + HSC clusters in E10.5 AGM of −77 +/+ and −77 −/− embryos and detected no difference in c-Kit + cell numbers in dorsal aortas ( Fig. 2A ). By contrast, the percentage of immunophenotypic HSCs and multipotent progenitors (MPPs) in E13.5 fetal livers significantly increased in −77 −/− embryos ( ) populations as described (29) (Fig. 3A) . Compared to wild-type littermates, the percentage of MEPs in −77 −/− fetal livers was reduced 8.3-fold, whereas the percentages of CMPs and GMPs were increased 7.8-and 2.5-fold, respectively (Fig. 3B) . Gata2 expression was quantitated in HSPCs and myeloid progenitor cells. Intriguingly, whereas Gata2 expression was unchanged in −77 −/− versus −77 +/+ HSPCs, its expression was 4.8-fold lower in the myeloid progenitor population, with similar reductions in CMPs and GMPs (Fig. 3C) . Accordingly, chromatin attributes of active enhancers (accessibility and monomethylation of H3K4) are lower at −77 versus +9.5 in HSCs, but are enriched in myeloid progenitors in which Gata2 is active (Fig. 3D ). Another mark of active enhancers, H3K27 acetylation, was uniquely developmentally regulated at +9.5 ( fig. S3 ). That −77 activity selectively confers Gata2 expression in myeloid progenitors provides a molecular explanation for the divergent +9.5 and −77 mutant phenotypes.
Acquiring myeloid differentiation potential
The Gata2 expression defect in myeloid progenitors suggested that −77 selectively controls myeloid progenitor cell function, and therefore, our mouse model may provide a unique window into myeloid cell biology/pathology. Colony assays were conducted to quantitate myeloerythroid differentiation potential of −77 −/− fetal liver progenitors. The −77 −/− fetal livers were greatly impaired in their capacity to form CFU-GEMM (colony-forming unit-granulocyte, erythroid, macrophage, megakaryocyte) and BFU-E (burst-forming unit-erythroid) colonies, whereas myeloid colonies [CFU-GM (colony-forming unit-granulocyte, macrophage)] decreased about two-fold ( 
Establishing a progenitor cell transcriptome
As the −77 mutation reduced myeloid progenitor abundance and impaired function, we tested whether the mutation altered the expression of established regulators of myeloerythroid differentiation. Consistent with the MEP loss, Gata1 expression was reduced in CMPs and GMPs, and Zfpm1 (FOG-1) expression was reduced in CMPs (Fig. 5A ). In the very few −77 −/− MEPs produced, the expression of both genes was unaffected. Among myeloid regulatory factors, −77 −/− progenitors expressed normal levels of Sfpi1 (PU.1) and C/EBPa (CCAAT/enhancer binding protein-a), whereas growth factor independence 1 (Gfi1) was reduced 2.6-fold selectively in GMPs. The expression of pre-B cell leukemia homeobox 1 (Pbx1), a proto-oncogene that regulates CMP levels and differentiation potential in the fetal liver (33) , was reduced three-fold in CMPs but was increased significantly in GMPs. Although the CMP compartment was substantially reduced ) in the peripheral blood of recipient mice. Graphs show means ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001.
in Pbx1
−/− embryos but increased in −77 −/− fetal livers, both mutations similarly altered the CMP colony-forming potential, leading to reduced erythroid colonies and increased monocytes.
Presumably, the quantitatively large and selective impact of the −77 mutation on myeloid progenitor numbers and myeloerythroid differentiation potential reflects a unique perturbation of the GATA-2-dependent genetic network, which has not been established in primary myeloid progenitors. In principle, corrupting differentiation by removing −77 may involve gross reconfiguration of the progenitor transcriptome, modest changes in genes encoding essential constituents, or alterations in the spatiotemporal regulation of a very limited number of genes. Because our biased gene expression analysis revealed selective, unpredictable influences of the −77 deletion on the progenitor transcriptome, we used RNA-seq to discriminate between these models and compared −77 Most down-regulated genes are highly expressed in myeloid, erythroid, and megakaryocytic lineages (http://biogps.org and http:// gexc.stanford.edu), and this expression is consistent with functional clustering of the genes using String (fig. S5 ). This cohort included (53) . Graphs show means ± SEM; **P < 0.01, ***P < 0.001. the master regulator of erythropoiesis, Gata1 (34, 35). Accordingly, GATA-1 down-regulation decreases erythroid and megakaryocytic target gene transcription; the expression of these genes may reflect lineage priming in the progenitors. Gene Ontology analysis of the down-regulated cohort highlighted links between down-regulated genes and fundamental processes including cell adhesion, inflammatory response, and hematopoiesis. Analysis of the −77-regulated cohort that is not +9.5-regulated in the AGM also revealed cell adhesion and hematopoiesis ( fig. S6A ). Whereas the most highly down-regulated genes were expressed higher in myeloerythroid cells versus multipotent hematopoietic precursors, the most highly upregulated genes did not conform to this behavior ( fig. S6B ). The −77 activated genes encoding established myeloid and/or erythroid cell regulators, including Trib2 encoding Tribbles-2, which inactivates C/EBPa and induces AML (36); IL-5Ra encoding the IL-5 receptor, which induces eosinophil differentiation (37); and Hdc encoding histidine decarboxylase, which controls myeloid differentiation (38) .
Additional −77-regulated genes not linked to the control of myeloid cell biology or hematopoiesis include Acss2 encoding acyl-CoA synthetase short-chain family member-2, a metabolic enzyme that generates acetyl-coA (39) and a potential epigenetic regulator, and Mfsd2b encoding major facilitator superfamily domain-containing protein 2b. Mfsd2b is selectively expressed in myeloid progenitor cells ( fig. S7 ) and is related to Mfsd2a encoding an w-3 fatty acid transporter essential for blood-brain barrier formation (40) . The analysis also revealed −77-mediated suppression of nonhematopoietic genes, for example, liver-specific Lpl encoding lipoprotein lipase (41).
Our previous genomic analysis of +9.5-regulated genes in the AGM demonstrated enrichment of HSC and hematopoietic lineage-specific genes (13) . Of these 133 genes, only 39 genes were −77 targets in CMPs (Fig. 5D) . Furthermore, despite the 2777 GATA-1-regulated genes in erythroid cells (42) , only 32 of the 101 −77-regulated genes overlapped with GATA-1-regulated genes ( fig. S8 ). Thus, most −77-regulated genes are not regulated by GATA-1.
We investigated −77 regulation of novel targets that had not been linked to GATA factor mechanisms. Endogenous GATA-2 and Scl/ TAL1 occupied Mfsd2b, Samd14, Mylk3, and Il1rl1 in HPC-7 cells, and real-time reverse transcription polymerase chain reaction (RT-PCR) analysis revealed a −77 requirement for their expression (Fig. 5E ). In aggregate, the transcriptomic analysis uncovered a vital −77 activity to establish a critical sector of the myeloid progenitor transcriptome, distinct from that described in other mouse models, thereby endowing myeloid progenitors with potential to generate the full repertoire of myeloerythroid cell progeny.
DISCUSSION
Of the vast cis-element entourage, very few have been reported to be essential for embryonic development and for critical processes. The work described herein establishes −77 as the sole cis-element essential for embryogenesis and conferring progenitor cell multipotentiality. Whereas −77 does not regulate Gata2 transcription in multipotent LSK cells, it up-regulates Gata2 expression in myeloid progenitors. The Gata2 +9.5 site is the sole cis-element essential for embryogenesis and stem cell genesis (11, 13). Because +9. 5 Graphs show means ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001. different activities, distinct cis-elements in a locus differentially control stem and progenitor cell transitions within a common developmental blueprint. The −77 −/− mice revealed a novel GATA-2-dependent mechanism to control myeloid progenitor cell function. GATA-2-null yolk sac primitive hematopoietic progenitors are defective in generating mast cells, but not erythroid cells, megakaryocytes, and neutrophils (4) . In an IL-3-dependent hematopoietic progenitor cell line, PU.1 and GATA-2 cooperate to generate mast cells, whereas PU.1 antagonizes GATA-2 to generate macrophages (43) . Given the gross macrophage bias of −77 −/− myeloid progenitors, leveraging this mechanism may represent an innovative strategy to produce macrophages for experimental and/or therapeutic goals. Mechanistic analysis revealed that the −77 deletion dysregulated genes in CMPs that did not include most established myeloid-specific genes, including the master transcriptional regulators of myelopoiesis, C/EBPa, PU.1, and the myeloid signaling factor granulocyte-macrophage colony-stimulating factor (GM-CSF). Thus, −77 establishes a novel and functionally critical sector of the myeloid progenitor cell transcriptome.
An assemblage of essential cis-elements with distinct activities in a locus has important implications for disease mechanisms. GATA2 haploinsufficiency underlies syndromes with unique and overlapping phenotypes (16, 44) . Mutational disruption of +9.5 and repositioning of −77 yield MonoMAC immunodeficiency (11, 21) and AML (24, 25) , respectively, in humans. As MonoMAC is often associated with MDS, which progresses to AML (16, 44) , the integrity of the sites ensures normal hematopoiesis while suppressing leukemogenesis. It is instructive to relate the unique features of −77-linked AML and +9.5-linked MonoMAC to their differential physiological functions to orchestrate progenitor and stem cell transitions (Fig. 6) . The deleterious impact of +9.5 deletion on stem cell generation/function (even apparent with +9.5 +/− mice) disrupts hematopoiesis in qualitatively and quantitatively different ways versus inversions and translocations that displace −77 from the Gata2 locus. As −77 loss greatly reduces Gata2 expression in CMPs and GMPs but not in LSK cells, mutant myeloid progenitors with an intrinsic differentiation blockade accumulate, and both CMPs and GMPs initiate AML (45) (46) (47) (48) , the integrity of the −77-dependent genetic network in myeloid progenitors must be exquisitely maintained. The severe phenotypic defects of the −77 −/− mice described herein provide mechanistic insights into pathologies, as human GATA2 heterozygous mutations are frequently associated with epigenetic silencing of the wild-type allele to yield, in effect, a nullizygous mutation (49) . An additional aspect of the differential mechanisms relevant to 3q21:q26 AML relates to −77-mediated up-regulation of EVI1 expression, which is not relevant to +9.5-linked pathologies. Because EVI1 up-regulation is not an attribute of our −77 −/− model, we dissociated phenotypes resulting from −77 loss and EVI1 up-regulation.
In summary, our study revealed a mechanism for conferring multipotentiality to a progenitor cell population that yields erythroid and myeloid cell progeny. The gene controlled by the −77 element, GATA2, regulates the development of non-small cell lung cancer (50), aggressive prostate cancer (51), primary immunodeficiency, MDS, and myeloid leukemia (16, 44) . GATA2 is also linked to the development/function of the pituitary (52) and important components of the nervous system (53) . Thus, the underlying biology and mechanisms affect a wide swath of biology/medicine. Our results establish a paradigm in which multiple cis-elements in a single locus function nonredundantly to differentially control stem and progenitor cell transitions, and the aggregate mechanisms orchestrate a complex developmental process. We focused on our discovery of two essential Gata2 cis-elements causally linked to GATA-2-dependent pathologies. For disease loci containing more complex cis-element assemblages, one might predict a relationship between the sheer number of qualitatively distinct, essential ciselements, and disease phenotype complexity, in the absence of coding region mutations.
MATERIALS AND METHODS
Gata2 −77 mutant mouse generation A 257-bp region (mm10; chr6: 88116954-88117210) upstream of Gata2 was replaced with a LoxP-PGKneo-LoxP cassette via homologous recombination as previously described (11) . Gene-targeted CJ9 embryonic stem cell clones were screened by PCR, and targeting was confirmed by Southern blotting. Chimeric mice were generated by blastocyst injection, and F 1 pups were screened for germline transmission by PCR. NeoR was excised by mating to cytomegalovirus (CMV) Cre-expressing strain B6.C-Tg(CMV-cre)1Cgn/J (The Jackson Laboratory). Cre-mediated excision of NeoR in the progeny was confirmed by PCR using primers flanking the targeted sequence. All animal experiments were performed with the ethical approval of the AAALAC International (Association for the Assessment and Accreditation of Laboratory Animal Care) at the University of Wisconsin-Madison.
Whole-embryo confocal microscopy Embryos were fixed, stained, and analyzed as previously described (12, 13, 54) . Embryos were stained with anti-PECAM-1 (platelet endothelial cell adhesion molecule 1) (553371, BD Biosciences) and anti-c-Kit (553352, BD Biosciences) antibodies. The samples were mounted in a 1:2 mix of benzyl alcohol and benzyl benzoate to increase the transparency of tissues and visualized with a Nikon A1R confocal microscope. Three-dimensional reconstructions were generated from z-stacks (50 to 150 optical sections) using Fiji software.
Fetal liver cell transplantation Adult C57BL/6 recipient mice (CD45.1 + , 6 to 8 weeks old; National Cancer Institute) were lethally irradiated with a cesium source for a single dose of 11 Gy. Fetal liver cells were harvested from individual E13.5 embryos (CD45.2 + ). A total of 250,000 live nucleated fetal liver cells were mixed with the same number of CD45.1 + bone marrow cells and injected into individual irradiated CD45.1 + recipients. The transplanted recipient mice were maintained on trimethoprim/sulfamethoxazoletreated water for 2 weeks. Blood was regularly obtained from the retro-orbital venous sinus after transplantation and analyzed using flow cytometry for donor-derived hematopoiesis as previously described (55) . Secondary transplants were performed after 20 weeks, using bone marrow pooled from two fetal liver recipients. Bone marrow cells (5 × 10 6 ) were injected into irradiated CD45.1 + recipients.
Flow cytometry
Fetal liver cells from E13.5 individual embryos were dissociated and resuspended in phosphate-buffered saline with 2% fetal bovine serum (FBS) and passed through 25-mm cell strainers to obtain single-cell suspensions before antibody staining. ) was performed as previously described (29) . Lineage markers were stained with FITC-conjugated B220, CD3, CD4, CD5, CD8, CD19 (11-0193), immunoglobulin M (11-5890), Il7Ra (11-1271), AA4.1 (561990, BD Biosciences), and TER-119 antibodies. Other surface proteins were detected with PE-conjugated Fc receptor (12-0161), Alexa Fluor 647-conjugated CD34 (BDB560230, BD Biosciences), and PerCP-Cy5.5-conjugated Sca1 (no. 45-5981) antibodies. For c-Kit detection, we used biotin-conjugated CD117 (13-1171) with PE-Cy7-conjugated streptavidin (24-4317) antibodies. The stained cells were collected on a FACSCalibur flow cytometer (BD Biosciences), except HSCs, which were analyzed on a LSR II flow cytometer (BD Biosciences). The data were analyzed using FlowJo v9.0.2 software (TreeStar).
Colony assays
For fetal liver colony assays, dissociated cells from E14.5 embryos were plated in duplicate in Methocult M03434 complete medium (StemCell Technologies) at a density of 2 × 10 4 cells per 35-mm plate. Plates were incubated for 7 to 8 days according to the manufacturer's recommendation, and colonies were identified and counted using an Olympus Szx16 stereomicroscope. For purified CMPs and GMPs, cells were sorted into IMDM/2% FBS, and a specified number of cells were plated in duplicate in Methocult M03434 complete medium.
Gene expression analysis
Total RNA was purified from fetal livers or sorted cell populations using TRIzol (Invitrogen). Complementary DNA (cDNA) was synthesized by Moloney murine leukemia virus reverse transcription (MMLV RT). Real-time PCR was performed with SYBR Green Master Mix. Control reactions lacking MMLV RT yielded little to no signal. Relative expression was determined from a standard curve of serial dilutions of cDNA samples, and values were normalized to 18S RNA expression. The specific primers used for real-time PCR are given in table S1. RNA-seq was conducted with an Illumina HiSeq 2000 system. Transcript quantification and differential expression were conducted using the software packages RSEM (56) and DESeq2 (57), respectively. RSEM v1.2.18 was provided with a reference transcript set consisting of all protein-coding and large intergenic noncoding transcripts from the Ensembl release 67 annotation of the National Center for Biotechnology Information (NCBI) Build 38 mouse genome assembly. Default parameters and Bowtie v1.1.1 were used for transcript quantification with RSEM. Transcript read counts were summed to produce counts at the level of gene symbols. These counts were then given as inputs to DESeq2 v1.5.90 for differential expression analysis. DESeq2 was run with default parameters except for betaprior = F and alpha = 0.05. Gene symbols with Benjamini-Hochberg FDR values <0.05 were deemed to be differentially expressed between mutant and wild type. The accession number for the RNA-seq data is GEO: GSE69786.
Statistics
For quantitative measurement of cells, cell colonies, or mRNA, the results are presented as means ± SEM. Determination of significance was conducted using two-tailed unpaired Student's t test. A P value <0.05 was considered significant.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/ content/full/1/8/e1500503/DC1 Table S1 . Sequences of primers used for qPCR. 
